ABSTRACT: During the past decades, advances in interfacial chemistries at the molecular level are shaping our world by playing crucial roles in balancing global scale energy crisis and critical environmental concerns. However, systematic investigations into the binding energies, site distribution, and their correlation with the molecular-level surface assemblages and structures at interfaces and in nanopores are rarely documented. In this review, we summarize a set of systematic calorimetric studies on surface energetics we performed during the past decade. These studies demonstrate how thermochemistry can reveal crucial energetic insights into a series of molecule−material interactions relevant to a number of applications, including carbon capture and sequestration, energy production, sustainable chemical processing, catalysis, and nanogeoscience. Calorimetric methodologies developed and applied include direct gas adsorption calorimetry, nearroom temperature solvent immersion/solution calorimetry, and high temperature oxide melt solution calorimetry. Using these highly unique techniques, we reveal the thermodynamic complexity of carbon dioxide capture on metal−organic framework (MOF) sorbents with built-in and grafted nucleophilic functional groups (−OH and −NH 2 ). These studies suggest that carbon dioxide adsorption on functionalized MOFs is a complex process involving multiple thermodynamic factors, as reflected by changes in surface phase and structure, chemical bonding, and degree of disorder with varying temperature and gas loading. The fundamental insights obtained may help optimize the design, synthesis, and application of MOF-based carbon dioxide sorbents for carbon capture and sequestration. In parallel, we also explore the energetics of interaction and competition between small molecules (water, carbon dioxide, methane, and simple and complex organics) and inorganic materials (calcite, silica, zirconia, zeolites, mesoporous frameworks, alumina, and uranium), at interfaces and in nanopores. Combined with spectroscopic, diffraction, electron microscopic, and computational techniques, the energetics of gas/liquid−solid interactions can be correlated with specific bonds, molecular configurations, and nanostructures. Although the energetics evolves continuously from weak association to strong bonding to classical capping, distinct regions of rapidly changing stepwise energetics often separate the different regimes. These phenomena are closely related to the properties of inorganic material surfaces (hydrophobicity and acidity/basicity), the framework architectures, and the chemical nature of adsorbate molecules. These direct thermodynamic insights reinforce our understanding of complex small molecule−inorganic material interactions important to multiple disciplines of chemical engineering, materials science, nanogeoscience, and environmental technology, including heterogeneous catalysis, molecular separation, material design and synthesis, biomineralization, contaminant and nutrient transport, carbonate formation, and water−organic competitions on material/mineral surfaces.
T he chemistry of surfaces is of paramount importance in many current technologies, and plays an ever-increasingly vital role in the foreseeable future. The thermodynamics of molecule−material interactions enforces the boundary conditions on many interfacial phenomena that govern the reactivity, selectivity, transformation, and transportation of natural and engineered processes. Example processes include heterogeneous catalysis, 1,2 molecular separation, 3−5 material synthesis 6, 7 and modification, 8, 9 thermoelectric conversion, 10 environmental transport, 11, 12 biomaterials application, 13 and drug delivery. 14, 15 Rapid development in material research and chemical industry, and enhanced understanding of earth and planetary systems, and biological and medical processes has outrun the existing thermodynamic database, resulting in hindrance for further advancements in these fields. Moreover, the fast development of computational facilities and new computational methodologies at various scales need accurate and reliable thermodynamic data, setting the new benchmark to harness their predictive power. Therefore, there is a rising interest and pressing need for experimentally measured thermodynamic data on molecule−material interactions, namely, adsorption and confinement, to satisfy the overlapping needs in chemistry, materials science and engineering, earth and planetary science, and medical applications. Calorimetry offers a unique yet powerful approach to directly determine such thermodynamic parameters. 16−18 Earlier thermodynamic studies performed in the Peter A. Rock Thermochemistry Laboratory at UC Davis mainly focused on hydration energetics of nanoparticles (NPs), hydration of zeolites, 19 and organic structural directing agent (OSDA)−framework interactions in zeolite systems. 17, 20, 21 A full spectrum of experimental thermodynamic (calorimetric) methods have been employed; both homemade and commercially available instruments were used, including water adsorption calorimetry, high temperature oxide melt solution calorimetry, hydrofluoric acid (HF) solution calorimetry, immersion calorimetry, and differential scanning calorimetry (DSC). These techniques enabled accurate surface energy measurements for NPs, and provided the underpinning thermochemical insights into the overall OSDA−framework interactions, which govern the templating and formation of zeolitic phases. It is concluded that both NPs and micro-/ mesoporous phases are intrinsically less stable compared with their bulk dense counterparts. Small molecules such as water and OSDA play critical roles in minimizing their excessive surface energies and phase metastability, thereby stabilizing these high surface area and/or open framework materials thermodynamically. 16, 17 In this review, we focus on the recent progress on probing the energetics of molecule−material interactions using experimental thermodynamic (calorimetric) methodologies. Materials (adsorbent or host) studied include metal−organic frameworks (MOFs), 18,22−26 zeolites, 27−30 mesoporous materials, 31−33 nanoparticles, 34 and inorganic oxide heterogeneous catalysts. 35 Molecules (adsorbate or guest) introduced range from water, carbon dioxide, and methane to simple organics, such as ethanol and n-hexane. These molecules are commonly seen both in natural environments and under industrial conditions, and play crucial roles in interfacial phenomena encountered in geochemical evolution, and material/chemical processes. Unless otherwise noted, all results presented are experimentally determined using calorimetry.
■ CALORIMETRY
The word "calorimetry" itself was derived from the Latin word "calor" (heat) and the Greek word "metry" (to measure). 36 Calorimetry is the science of measurement of heat, which is the energy exchanged within a given time interval in the form of heat flux. 36 Technically, calorimeters are instruments and/or devices designed to perform calorimetric measurements. In the early stage of calorimetric study, because of the extreme difficulty in instrumentation and experimentation, only a few scientists and engineers were able to perform such research. 36 Owing to the advances in electronic and thermal technologies as well as the improved data mining/processing strategies, calorimetry is much more accessible to the general scientific community nowadays. The progress of calorimetric science has been reviewed in detail by Navrotsky. 16, 38 Hence, we only briefly introduce those techniques used in the research examples summarized in this review.
Direct Gas or Vapor Adsorption Calorimetry. Direct gas adsorption calorimetry was developed in the Peter A. Rock Thermochemistry Laboratory at UC Davis to study the hydration energetics of inorganic nanoparticles (see Figure  1A) . 37 The instrumental system contains a commercial gas adsorption analyzer and a microcalorimeter. In each measurement, about 10−30 mg sample is loaded into one side of a silica glass forked tube, the other side of which remains empty, serving as a reference. Then, the sample is subjected to activation in a vacuum at elevated temperature. During the data collection, the amount of gas adsorbed (adsorption isotherm) and corresponding differential energies of adsorption are simultaneously monitored. Each gas dose leads to a distinct calorimetric peak, which represents the heat generated upon reaching equilibrium for that dose. The differential enthalpies of adsorption can be directly derived using these two sets of data. 22 ,23,37 This versatile technique enables accurate measurement of adsorption enthalpies as a function of gas loading and temperature. Most importantly, the calorimetric data measured are model-independent. 22, 23 It is especially powerful when the molecule−material interactions feature (i) strongly exothermic initial adsorption with near-infinite isotherm slopes, (ii) complex, multistep adsorption mechanisms suggesting energetically distinct sites, and (iii) structural or phase evolutions on varying pressure and temperature. In most of these cases, the evolution of adsorption energy may not be accurately derived from direct fitting of adsorption isotherms at different temperatures using the isosteric heat method. We employ the calorimetric technique to investigate the energetics of gas−solid interfacial binding.
High Temperature Oxide Melt Solution Calorimetry. High temperature oxide melt solution calorimetry 16, 38 ( Figure  1B ) is now a major technique for studying the thermodynamic properties of materials, and has diverse applications in the fields of ceramics, nuclear science, mineralogy, geochemistry, etc. Particularly, it is extremely powerful in measuring the enthalpies of formation of ceramic and refectory phases, as the melt solvent kept at high temperature can readily dissolve those types of samples. 16 In our studies on the interfacial interactions, this technique finds its application when the molecular species such as supported metal clusters and super acid moieties form strong covalent or ionic bonds with the material surfaces.
The high temperature oxide melt calorimeter is of twin Calvet-type and has sample chambers maintained at high temperature (>500°C). 16, 38 In a typical experiment, ∼5 mg pellet/chunk of a sample is dropped from room temperature into the chamber. The sharp temperature variance due to dropping, dissolution, and/or reaction is recorded electronically by the thermopiles surrounding the sample chamber and converted to real heat output (enthalpy of drop solution) via a predetermined calibration factor. This measured heat can then be used to derive the enthalpy of formation through appropriate thermochemical cycles. It is worth noting that the high temperature calorimeter can be used to perform multiple thermodynamic measurements, depending on the choice of solvents and experimental atmosphere. Heat content can be measured by transposed temperature drop calorimetry; heats of phase transition and enthalpy of formation can be derived by oxide melt solution calorimetry. Its versatile capabilities have now been applied increasingly to new systems in nanomaterials, catalysts, metallic alloys, high entropy solids, and actinide and transuranium actinide-containing materials.
Near-Room Temperature Solution Calorimetry. The general principle of near-room temperature solution calorimetry is quite similar to that of high temperature oxide melt solution calorimetry. Here, the major difference originates from the solvent selection. Unlike high temperature oxide melt solution calorimetry, which employs molten salts (at high temperature) as solvents, the typical solvent candidates for near-room temperature solution calorimetry are water, aqueous solutions of acid or base, and organics. Additionally, the solvents must be able to completely dissolve the solid sample near room temperature. Further, the measured heats of dissolution are applied to calculate other thermodynamic parameters, such as formation enthalpies and/or molecule− material interactions in OSDA−zeolite 21 Near-Room Temperature Immersion Calorimetry. The enthalpy of immersion is defined as the energetic evolution at constant temperature upon complete immersion of a solid (porous or layered materials or particles) into a liquid or solution, which does not dissolve or react with the bulk body of the solid. 42 In other words, immersion calorimetry aims to measure the interactions at liquid−solid interfaces. Typically, before immersion calorimetry, the solid is completely activated by heating under a vacuum. In other cases, according to the specific research needs, partially or monolayer covered sample with a well-defined initial state can be prepared for the measurement to study the energetic changes at different coverage. Owing to the advantage of direct gas adsorption calorimetry over immersion calorimetry in accurate control of gas/vapor partial pressure, we employ immersion calorimetry only to study the integrated enthalpy change (general energetic effects) due to direct liquid−solid surface interactions. 33 
■ ENERGETICS OF ADSORPTION ON MOFS
MOFs are a group of crystalline porous hybrid solids, which are constructed (assembled) through metal nodes−organic linkers coordination. 43 MOFs have demonstrated superior gas adsorption, storage, and separation capabilities owing to their highly open framework structures, huge surface areas, and the chemical tenability from both metal nodes and organic linkers. 43 In this section, we present a set of systematic studies on the energetics of molecule−MOF interactions and its significance in physical chemistry, catalysis, and material preparation and postsynthesis modification. Examples cover the topics of CO 2 capture, natural gas storage, MOF synthesis, and hydration.
CO 2 Adsorption Calorimetry on MOFs. Four years ago, in collaboration with the Stoddart Mechanostereochemistry Group at Northwestern University, we performed the first, proof-of-principle, adsorption calorimetric measurement to reveal the CO 2 adsorption energetics on an environmentally friendly MOF. 44 The Northwestern researchers synthesized a series of MOF structures from γ-cyclodextrin (γ-CD), a microbiologically derived natural sugar, and naturally abundant alkali metal salts. Additionally, the solvents used in the MOF synthesis are water and alcohols, which are environmentally benign and sustainable. 44, 45 Surprisingly, the rubidium (Rb) form, denoted as CD-MOF-2, appears to possess very high CO 2 adsorption selectivity at low pressure and 25°C. Crosspolarized solid-state nuclear magnetic resonance (NMR) spectroscopic experiments performed by Gessensmith et al. 45 suggest that the hydroxyl groups from the γ-CD building unit, both primary and secondary hydroxyls (see Figure 2) , play critical roles in the CO 2 −CD-MOF-2 binding, resulting in formation of carbonates. 45 However, the magnitude of CO 2 − MOF binding as pressure varies, the binding site map (distribution) in the CD-MOF-2 structure, and the nearzero coverage enthalpy of CO 2 adsorption remain unclear.
The adsorption calorimetric data ( Figure 2 ) measured suggest that the differential enthalpy of CO 2 adsorption is stepwise as pressure increases from high vacuum. 23 First, an irreversible chemisorption involving merely a small number of sites is observed at near-zero coverage. These strongly exothermic binding events, starting from −113.5 ± 0.9 kJ/ mol CO 2 , likely on the most reactive primary hydroxyl groups, are followed by the less strong, reversible, major chemisorption (−65.4 ± 1.6 kJ/mol CO 2 ). The binding with intermediate strength forms the first plateau in the differential enthalpy of adsorption plot, spanning from 0 to 0.4 CO 2 /nm 2 (see Figure  2 ). This plateau in energy represents the CO 2 adsorption on the less reactive, vast majority of hydroxyls. Eventually, the sorption is concluded at the second plateau at −40.0 ± 1.8 kJ/ mol CO 2 clear evidence showing much weaker physisorption between CO 2 and CD-MOF-2. Therefore, this study confirms the presence of at least two energetically distinct sites for CO 2 chemisorption on CD-MOF-2. Meanwhile, this work also demonstrates that direct gas adsorption calorimetry is a powerful tool for determining adsorption energetics for systems that feature strong initial sorption and multistep reaction stages. 23 Once the metal nodes of MOF are coordinatively unsaturated, they can be further functionalized by grafting molecular species with nucleophilic groups, resulting in additional functional materials for adsorption, catalysis, and separation. We collaborated with the Long Group at UC Berkeley to study the thermodynamics of CO 2 adsorption on a diamine-functionalized Mg-MOF-74 analogue, mmenMg 2 (dobpdc). 17 This diamine-grafted MOF has demonstrated an intricate "phase-transition-like", cooperative insertion CO 2 adsorption mechanism near room temperature. 46 To further investigate the energetic evolution of CO 2 adsorption on mmen-Mg 2 (dobpdc) as temperature varies, we carried out calorimetric measurements not only at 25 but also at 50 and 75°C (see Figure 3 ). 17 The results revealed a detailed dependence of adsorption enthalpy, entropy, and free energy as a function of pressure and temperature. First, the calorimetric data indicate the potential presence of three types of binding. The strongest sorption takes place at a very low loading, which is −94.4 ± 2.8 kJ/mol CO 2 . The major chemisorption at intermediate loadings is moderately exothermic (−75 ± 2.2 kJ/mol CO 2 ), which is primarily due to the CO 2 −amine cooperative insertion mechanism. The least exothermic physisorption events appear when all of the amine groups are saturated as ∼3 mmol of CO 2 are adsorbed on 1 g of sorbent.
Further, we derived the partial molar properties for the CO 2 −mmen-Mg 2 (dobpdc) system based on the adsorption isotherms (intrinsically a chemical potential curve) and enthalpy data. 17 Interestingly, analysis suggests that the differential adsorption enthalpy, entropy, and chemical potential all become less negative as temperature increases ( Figure 3 ). These thermodynamic evidences all suggest increased adsorbent surface entropy at higher temperatures, which presumably indicate enhanced surface dynamics/motion at the molecular levels. Indeed, such phenomena correspond well with weaker CO 2 −mmen-Mg 2 (dobpdc) interactions at elevated temperatures.
The outcome of these two examples lays the foundation for further exploration of the energetics of adsorption and confinement effects of molecules on MOFs. These studies also highlight the thermodynamic complexity of CO 2 adsorption on functionalized MOFs, especially the interplay between energetic and entropic factors, and their tight relation with the surface structure, molecule−material bonding, and degree of order/disorder as pressure and temperature evolve. In a broader sense, the fundamental thermodynamic insights into molecule−MOF binding may aid material scientists to design and tune new MOF-based sorbents, which may be applied in the chemical industrial processes, in which the energetics of surface reactions are vastly important.
Methane Storage in MOF on Cu-HKUST-1 at Low Pressure. Other than strong chemisorption, direct gas adsorption calorimetry is also very sensitive to weak binding at low pressure, such as methane (CH 4 ). Owing to their unique tunable surfaces and structures, MOFs can be designed and constructed to serve as methane storage materials. Utilizing adsorption calorimetry, we studied the thermodynamics of CH 4 adsorption on Cu-HKUST-1 at 25°C at pressures below 1 bar. 25 In such a low-pressure range, the methane intermolecular interactions are minimized. In other words, the differential adsorption energies measured solely represent the direct interactions between CH 4 and the framework. The calorimetric results show that the differential CH 4 adsorption enthalpy is constant in the low-pressure range investigated in this work.
Moreover, it appears that the CH 4 −MOF interaction tends to be more sensitive to the dimension of the smallest accessible MOF pore or channel than to the polarizability of the guest molecule and the Cu sites. An identical conclusion was reached in a separate study by Hulvey et al., in which neutron powder diffraction experiments and periodic density functional theory (DFT) calculations were carried out. 47 In short, the calorimetric results are in excellent agreement with those of crystallographic and theoretical studies, which all suggest that, in initial, low pressure adsorption, the CH 4 −HKUST-1 interaction tends to be more sensitive to the confinement effects from MOF structures, indicating a less significant role for the Cu node.
Solvent−Framework Interactions in MOF Synthesis. The solvent−MOF interactions are chemically complex. 48 The materials we studied may be roughly categorized into two types based on the degree of coordination of the MOF metal nodes. For MOFs with saturated metal nodes (no clearly defined binding sites), the solvent molecules merely act as "spacefillers". Consequently, upon solvent removal, the crystalline MOF structures typically persist without structural degradation. In contrast, for some MOF structures, the metal sites are not saturated by the organic linker coordination. Instead, they bind solvent molecule so strongly through chemisorption that solvent removal would lead to eventual structural collapse. The solvent−MOF interactions were also discussed in an earlier solution calorimetry study of the formation energetics of paddle wheel MOFs. 27 In this regard, we employed solution calorimetry to study the thermodynamic effects of solvents on MOF-5 synthesis and formation. 24 The solution chosen for our calorimetric measurement was NaOH (5 M at 25°C), in which the sample was completely dissolved, and the dissolution enthalpies (ΔH ds ) were obtained. Subsequently, we used the ΔH ds values to calculate the enthalpies of formation (ΔH f ) of MOF-5·DMF and MOF-5·0.60DEF from their corresponding dense phase assemblages, zinc oxide (ZnO), 1,4-benzenedicarboxylic acid ( The Journal of Physical Chemistry C Review Article strongly exothermic enthalpies of interaction values suggest that the solvents (Lewis bases) tend to bind more strongly with the electron accepting Zn 4 O nodes at low coverage than at high solvent loading, as seen in the study of Hughes et al. 40 In other words, the enthalpies of solvent−MOF interactions are mostly governed by the electron accepting−donating processes, rather than the pore filling mechanisms. The calorimetric results shown here provide useful energetic insights, which may benefit MOF synthesis and postsynthesis modification, such as transmetalation and solvent assisted linker exchange (SALE). 48 Hydration Energetics of Paddle-Wheel MOF Cu-HKUST-1. The hydration enthalpy on copper HKUST-1 was investigated directly using water adsorption calorimetry. 26 Due to its structural complexity (three pore sizes and the presence of copper site), the hydration process of Cu HKUST-1 is also complicated. Specifically, the strongest near-zero coverage water−MOF binding is −119.4 ± 0.5 kJ/mol water in energy. We suspect it perhaps represents water confinement in the smallest (4 Å) cages. Further evidence from spectroscopy or diffraction data is needed to verify this hypothesis. Subsequently, the differential enthalpy of water adsorption becomes less exothermic and levels at the first plateau at −50.2 ± 1.8 kJ/mol water. The position of this plateau is in excellent agreement with the results from the solution calorimetry study performed by Bhunia et al., 27 which corresponds to the coordination between water and the open Cu nodes, and subsequent filling of the largest (11 Å) pores. 27 Later, the differential enthalpy trace ramps up to its second plateau, indicating the weakest interactions on the hydrophobic MOF surface. Furthermore, combining ethanol adsorption calorimetry (see Figure 4) , mathematical slope analysis of the water adsorption isotherm, and the differential enthalpy of hydration trace, we attempted to develop a method to achieve quantitative separation of a series of energetically similar binding events. These results and interpretation are promising, yet we do need support from spectroscopic, crystallographic, and computational methodologies to reach a definite conclusion. 26 
■ CONFINEMENT ENERGETICS IN INORGANIC
POROUS MATRIXES Nanoconfinement of molecular species, the guest−host interactions in micro-and mesoporosity, lays the foundation for heterogeneous catalysis, geochemistry, nanomineralogy, and nanomedicine. In this section, we summarize our recent studies on the energetics, structure, and dynamics of molecules upon confinement in nanoscale or sub-nanoscale pores of inorganic matrixes. We started with the "trilogy" on ion-exchanged zeolite A, 28−30 in which the hydration and formation energetics 29, 30 and thermodynamics of n-hexane confinement were explored and discussed. 28 We then explored the guest−host interactions in mesoporous materials, including pure silica MCM-41 and SBA-15. 32, 33 More specifically, a series of mesoporous silicas with various pore/channel dimensions (0.8−20.0 nm) were synthesized to accommodate a spherical, rigid, organic molecule, N,N,N-trimethyl-1-adamantammonium iodide (TMAAI). We carefully examined the magnitude of interaction energetics and analyzed the structural and dynamic (motion) evolution of guest species upon confinement in pores/channels of different dimensions. The most significant outcome was that we generalized a conceptual model with three types of guest species inclusions versus the relative size of host pores and guest objects. They are single-molecule confinement, multimolecule adsorption/confinement, and nanocrystal confinement. Lastly, we evaluated the crucial role of hydroxyl concentration on molecule−silica surface interactions. 49 Energetics and Hydration of Ca−Na Ion-Exchanged Zeolite A. Intrinsically, hydration of zeolites is indeed the confinement of water in the void space of the zeolitic frameworks. Unlike other simple binary guest−host systems, introduction of charge-balancing cations has brought additional complexity in both structure and energetics. To study the hydration and thermodynamics of ion-exchanged zeolites, we prepared a series of Na−Ca exchanged zeolite A samples with various Ca contents, ranging from 0 to 97.9%. 29 They were fully characterized using powder X-ray diffraction (XRD), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). We utilized high temperature oxide melt drop solution calorimetry to quantify the enthalpies of formation for hydrated zeolites CaNa-A from their constituent oxides. Specifically, the formation enthalpies of zeolites CaNa-A are shown to have a linear dependence as the degree of Ca exchange increases. The enthalpy of formation from the oxides at 25°C becomes less exothermic as more Na + cations are substituted by Ca
2+
, from −74.50 ± 1.21 kJ/mol TO 2 (T represents atoms on the tetrahedrally coordinated sites) for hydrated Na-A to −30.79 ± 1.64 kJ/mol TO 2 for hydrated 97.9% CaNa-A ( Figure 5 ).
Meanwhile, the water content of zeolites CaNa-A appears to increase linearly as the degree of Ca 2+ exchange increases, from 20.54% for Na-A to 23.77% for 97.9% CaNa-A, while the corresponding enthalpies of dehydration (from DSC analysis) monotonically decrease, from 32.0 kJ/mol H 2 O for Na-A to 20.5 kJ/mol H 2 O for 97.9% CaNa-A. Indeed, the substitution of Na + by Ca 2+ increases the average ionic potential of chargebalancing cations (Na + and Ca
) and results in less exothermic formation enthalpies, an indication of less stable zeolitic frameworks, which has similar energetic effects as stabilizing through hydration. 29 Further, we expanded our study to all alkali and alkaline earth ion-exchanged zeolites A (see Figure 6) . 30 Their enthalpies of hydration and formation from constituent oxides were experimentally measured by TG-DSC and high temperature oxide melt solution calorimetry. Similarly, the calorimetric insights suggest that zeolite A has a linearly increased hydration level with less negative formation enthalpies as the average ionic potential of guest cation increases. Particularly, the level of hydration for zeolite A increases linearly as the average ionic potential (Z/r) of the cation increases, from 0.894 for Rb-A to Figure 5 . Structures of sodium (left) and calcium (right) ionexchanged zeolite A and formation enthalpies of hydrated sodium and calcium ion-exchanged zeolite A from oxides as a function of average ionic potential. 29 The Journal of Physical Chemistry C Review Article 1.317 water per TO 2 for Mg-A. Meanwhile, the enthalpies of formation from constituent oxides at 25°C range from −93.71 ± 1.77 for K-A to −48.02 ± 1.85 kJ/mol per TO 2 for Li-A for hydrated alkali zeolite A and from −47.99 ± 1.20 for Ba-A to −26.41 ± 1.71 kJ/mol per TO 2 for Mg-A for hydrated alkaline earth zeolite A. Interestingly, distinctly different slopes were seen between the alkali and alkaline earth zeolite A. 30 These two studies strongly suggest that the hydration generally stabilizes zeolites yet the hydration energetics is complex, the exact trend of which largely depends on the water−cation−framework interplays.
29,30
Confinement of n-Hexane in Ca−Na Ion-Exchanged Zeolite A: Cation Is the "Goalkeeper". Understanding the thermodynamics of confinement of organic molecules in subnanoporosity and nanoporosity forms the foundation for material synthesis, catalysis, adsorption, and separation. As demonstrated above, the type of cations and degree of ionexchange are critical factors governing the crystallinity and energetic stability of zeolites. Other than significantly modifying the formation and hydration energetics, the pore accessibility for zeolite A can also be tuned by ion-exchange. To be exact, for the LTA structure, the aperture of pure zeolite Na-A is 3.8 Å, while it becomes 4.3 Å once all monovalent sodium cations are exchanged by the divalent Ca 2+ (see Figure 5 ). Such angstrom scale tuning leads to inaccessible, partially accessible, and fully accessible central cavities (alpha cage) to guest species, such as water and n-hexane. On this topic, we collaborated with the Sun Group at East China University of Science and Technology (ECUST) in China to explore the energetics of guest−host interactions in zeolites. 28 We started with the confinement thermodynamics of n-hexane in Na−Ca exchanged zeolite A samples with different degrees of Ca 2+ exchange. Combining immersion calorimetry and thermogravimetric analysis coupled with mass spectroscopy (TGA-MS), we were able to obtain the interaction enthalpy trend for the n-hexane−Na−Ca exchanged zeolite A system. Specifically, as the Ca 2+ content increases from 0 to nearly 100%, the enthalpy of n-hexane−zeolite A interactions tends to be more exothermic until reaching a plateau at about −40 kJ/mol n-hexane ( Figure 7A ). Moreover, we attempted to interpret and separate the contributions from various types of interactions to the overall confinement ( Figure  7B ). To be exact, the external surface wetting accounts for −2.9 kJ/mol n-hexane, while the zeolitic framework contributes −14.4 kJ/mol n-hexane to the overall interaction energy. Surprisingly, the n-hexane intermolecular interactions in the zeolite framework exhibit the most exothermic heat effect of −22.2 kJ/mol n-hexane. Thus, to study the confinement energetics, the guest−guest intermolecular interactions must be considered.
28 Figure 6 . Structures of alkali (left top) and alkaline earth (left bottom) ion-exchanged zeolite A and formation enthalpies of hydrated alkali and alkaline earth ion-exchanged zeolite A from oxides as a function of average ionic potential. Confinement of molecules in nanoporosity is more complex due to the introduction of guest−guest interactions, the much more open pore/channel structures, and the tunable material surfaces, both internal and external. In an earlier study emphasizing the geological behaviors of porous silicas in CO 2 sequestration environments, our immersion calorimetry results suggest that the energetics of small molecule−porous silica interactions are determined by both framework pore dimension and concentration of its surface groups (hydroxyls). 33 Additionally, it appears that the relatively hydrophobic silica surface favors small organic molecules, such as alcohol and amines, more than aqueous solutions, including pure water and NaCl brine. 33 In other words, the overall energetic trend suggests that silica with smaller pores/channels and higher hydroxyl concentration may lead to stronger molecule−material interactions. Moreover, the calorimetric results indicate that organics tend to coat onto the silica surfaces, while water or aqueous solutions appear to form clusters, which are higher in energy than that of bulk water, "floating" on top of the relatively hydrophobic surface of silica. 33 This work has generated many interesting questions and topics, which directly lead to our subsequent studies on the two model systems on confinement and adsorption, described below.
As stated earlier, the molecular-level organic−inorganic interactions in framework materials are critical in understanding many phenomena in catalysis, material modification, nanomedicine, and nanogeoscience involving confinement of organics in nanoscale porosity. To reveal the energetic insights into the complex interactions between organic molecular guest and inorganic framework host, especially the confinement effects as pore/channel dimension evolves, we engineered a model system containing a spherical, rigid, organic molecule, N,N,N-trimethyl-1-adamantammonium iodide (TMAAI), and a series of porous silica frameworks (one zeolite and a few mesoporous silicas) with different void dimensions from 0.8 to 20.0 nm. 32 Technically, hydrofluoric acid (HF) solution calorimetry was employed to directly measure the overall guest−host interaction enthalpies. We found out that the enthalpies of TMAAI−silica interactions range from −56 to −177 kJ/mol TMAAI. Interestingly, the enthalpy of interactions shows an exponential dependence on the relative size of host dimension and guest species (see Figure 8) . Combining the calorimetric results with data obtained from XRD, IR, TG-DSC, and solid-state NMR, we were able to determine the enthalpies of interaction between TMAAI and the porous silica frameworks, to identify and interpret the assemblage, phase, and dynamics of confined guest molecules, and to distinguish different types of guest−host interactions. They are singlemolecule confinement in angstrom scale microporosity, multimolecule adsorption/confinement of a disordered and presumably highly dynamic (mobile) assemblage of guest species near the pore/channel walls, and nanocrystal confinement at the center of the pore/channel. 32 In a thermodynamic sense, such structural evolution upon confinement probably reflects matched specific structure, motion dynamics, and minimized overall free energy for the entire guest−host system. 32 Surface Binding: The Crucial Role of Concentration of Functional Group. To better our fundamental knowledge on silica surface chemistry, which is essential for its applications in surface sciences and engineering, we used direct gas adsorption calorimetry at 25°C to study the adsorption energetics of water and ethanol on a silica glass, CPG-10 in both hydroxylated and dehydroxylated forms. 49 CPG-10 was chosen as the silica candidate because it did not show detectable structural degradation upon calcination for complete dehydroxylation at 800°C. The calorimetric data reveal complex adsorption energetics as a function of pressure (coverage). Interestingly, ethanol exhibits a stepwise differential enthalpy of adsorption profile, whereas the sorption energetics for water appears to be largely continuous. Particularly, at near-zero coverage, the adsorption enthalpies on the hydroxylated silica surface are the most exothermic. For water and ethanol, they are −72.7 ± 3.1 and −78.0 ± 1.9 kJ/mol molecule, respectively. In other words, the initial binding of both molecules on the silica surface defects has nearly identical magnitude in energy. As pressure increases, the enthalpy trace of water adsorption tends to be less exothermic, which gradually reaches its only plateau at −20.7 ± 2.2 kJ/mol water. This value is more than 50% less exothermic than that of water condensation (−44.0 kJ/mol water), clear evidence suggesting formation of water clusters on a largely hydrophobic surface. 49 In sharp contrast, the ethanol adsorption enthalpy curve appears to have two distinct plateaus at −66.4 ± 4.8 and −4.0 ± 1.6 kJ/mol ethanol, which are indicative of strong chemisorption on adsorbate-free and weak physisorption on ethanol monolayer coated silica surfaces, respectively. 49 Moreover, we also found out that dehydroxylation results in the absence of water−silica interactions, whereas ethanol does not show significantly selective binding onto the silanols and the hydrophobic areas of the silica The Journal of Physical Chemistry C Review Article surface. 49 These very fundamental thermodynamic data form the basis for the physical chemistry of surfaces, and need to be seriously considered by the scientific and engineering communities.
■ ENERGETICS OF ORGANIC−NANOPARTICLE

INTERACTIONS
Thermodynamics of Ethanol−Nanocalcite Interfacial Interactions. Understanding the energetics of organic− nanoparticle (NP) binding is critical to harnessing the reactions encountered in industrial applications and to understanding various geochemical reactions, such as aerosol formation and biomineralization. In our study on the energetics of organic− NP interactions as a function of molecular coverage, we selected the ethanol−nanocalcite system for the direct adsorption calorimetric measurements with an aim of mimicking the organic−NP binding in various systems and under different conditions. 34 We found the interactions were energetically stepwise yet chemically continuous, evolving from molecule (ligand) capping to strong bonding to weak association as the adsorbate coverage varies (see Figure 9) . Specifically, the ethanol adsorption energetics on calcite nanocrystals at room temperature is complex with a series of binding events as its coverage increases. The most exothermic sorption was observed on the fresh, near-zero coverage nanocalcite surfaces, which is typically seen for adsorption on a NP surface with intrinsic defects. The strongest binding is followed by the major chemisorption prior to ethanol monolayer formation, exhibiting a plateau which levels at about −98.3 ± 4.8 kJ/mol ethanol. Finally, the adsorption calorimetric data is concluded with the least exothermic, nearzero-magnitude, physisorption (second differential enthalpy of adsorption plateau). 34 The strong adsorption energetics suggests a unique surface structure, as predicted by molecular dynamics and DFT calculations. 50 Specifically, in the ethanol monolayer formation, the polar end of ethanol (hydroxyl group) is tightly bonded to the calcite nanocrystal surface through strong hydrogen bonding. This leaves the hydrophobic tails of the ethanol molecules facing outward, interacting merely weakly with the ethanol vapor. As a result, an angstrom scale low ethanol density, spatial gap between the monolayer and subsequent molecules was formed. Indeed, such subtle variations in surface assemblages can have significant effects on the reactivity, selectivity, and stability of NP surfaces, which may impact surface reactions as well as the self-assembly of molecular species and nucleation and growth of nanocrystals on and around organic-capped surfaces. In a much broader sense, the thermodynamic fundamentals revealed in the ethanol−calcite system may enhance our understanding on similar phenomena encountered in natural environments and chemical industrial processes.
■ CATALYST SYNTHESIS AND STABILITY
Thermodynamic Complexity of Sulfated Zirconia Catalysts. Understanding the energetics of bonding (interactions) between molecular-level catalytically active species and catalyst support is essential for catalyst synthesis, optimization, and stability. A systematic study was performed on the thermodynamics of sulfated zirconia catalysts, in which two critical topics regarding catalyst synthesis and surface energetics were investigated. 35 They are sulfuric acid immersion (catalyst precursor preparation) and sulfate−zirconia interfacial bonding. First, we synthesized a series of sulfated zirconia (SZ) catalysts by immersion of amorphous zirconium hydroxide in sulfuric acid of different concentrations (C). They were characterized using XRD, TGA-MS, sulfuric acid immersion calorimetry, and high temperature oxide melt solution calorimetry. We directly measured the enthalpies of sulfur species−zirconia surface interactions (ΔH SZ ) using sulfuric acid immersion calorimetry, which range from −109.46 ± 7.33 (1 N) to −42.50 ± 0.89 (4 N) kJ/mol S. These ΔH SZ values display a roughly exponential trend, more exothermic linearly as sulfur coverage increases. We needed to use high temperature oxide melt drop solution ) kJ/mol S, as sulfur surface coverage increases (Figure 10 ). This implies formation of energetically more stable polysulfate species as seen in other noncalorimetric studies. Indeed, the thermodynamic insights obtained here are tightly correlated to the configuration of sulfur species, which is a function of surface coverage. In a slightly broader sense, studying the thermodynamics of catalyst synthesis and the active species−support interaction energetics may compliment the existing spectroscopic and structural characterization techniques, thereby enhancing our understanding on the stability and activity of solid state catalysts. 35 Very recently, we studied the energetic expense of transition metal doping on mesoporous γ-Al 2 O 3 using density functional theory (DFT). 51 The results suggest that the aluminum vacancy (V Al ) concentration decreases with increasing atomic number of the transition metal dopant, due to charge compensation effects. The topic of molecule−material interactions on this set of phases is of great interest, and is currently being investigated using calorimetric methods.
■ CONCLUDING REMARKS AND PERSPECTIVES
Recent development of materials synthesis enables systematic design and construction of nanostructured material surfaces and framework structures to facilitate controllable functionality for energy conversion, carbon capture, catalysis, self-assembly, molecular recognition, and biomedical diagnosis. Despite the dramatic variations in physical and chemical properties, the commonality of these material surfaces is that they are heterogeneous with structural sites of distinct energetic states. In this review, we have demonstrated that such energetic heterogeneity can be accurately probed and separated using calorimetric methods. The general observation is that, although the energetics appears to be stepwise, the evolutions from weak attachment to strong binding to classical capping are a series of continuous events, forming a downward energetic landscape. Indeed, such phenomena are governed not only by the nature of material surfaces and framework structures but also by the guest−guest or adsorbate−adsorbate interactions. The competitions and interplay among these factors are of great complexity, yet one can employ calorimetric techniques to quest for the energetic insights into the molecule−material interactions at their interfaces and/or in nanopores.
In our ongoing and future exploration, the energetics of molecule−material interactions relevant to biomass conversion, CO hydrogenation and oxidation, methane steam reforming and activation, transition metal doping in oxides, electrochemical and photochemical processes, and molecular sensing will be studied thoroughly. For the catalytic materials involved in these processes, the variation, distribution, and concentration of surface active components or sites may induce substantial changes in the chemical nature for surface reactions. In contrast to our traditional understanding, under certain circumstances, especially the operating conditions at elevated temperature and pressure, the nature of the nanomaterial surface is dynamic and evolving. Along this line, we will center on gaining insights into both the chemical and thermodynamic bases for molecule− material interactions at or near their interfaces, with particular emphasis on the direct calorimetric measurements of binding enthalpies and site distribution simultaneously. Combined with in situ structural characterization and multiscale computational simulations, we will probe the surface heterogeneity and their evolution before, during, and after the reactions, with an emphasis on the reaction mechanisms and associated thermodynamics/kinetics. More specifically, the short-range order of local binding will be explored by NMR and X-ray or neutron pair distribution function (PDF) analysis, while medium-and long-range structural order will be examined by various synchrotron-based X-ray scattering techniques. Additionally, electron microscopy, such as scanning electron microscope (SEM), transmission electron microscope (TEM), and atomic force microscopy (AFM), will be used to characterize the nanostructure and morphology. By tracking the evolution of specific chemical bonding, molecular configuration, nanostructure, and energetics of molecule−surface interactions, the heterogeneity and dynamics of surfaces, the reaction mechanisms, as well as the underlying chemistry−function relations can be systematically studied.
Besides the typical geochemical significance of molecule− material interfacial binding, knowledge of interactions between actinide-containing phases with small molecules (H 2 O, CO 2 , small organics, etc.) is pivotal for understanding the underlying processes when actinides enter the environment. This includes the adsorption/desorption of molecules at their interfaces with actinide solids and the complex surface reactions involving various molecular species and actinide-bearing phases. Water molecules, for instance, may participate in many stages of actinide surface reactions. Here we list a few representative examples. As a catalyst, water can facilitate the oxidation of U(IV) and P(IV) binary oxides where solely molecular oxygen cannot oxidize PuO 2 .
31,52−55 Additionally, the corrosion effects of water on actinides are substantial. 55−57 Compared with dry air, the corrosive rate of plutonium substantially increases when exposed to moisture. 56, 58 The surface reactions of spent nuclear fuels or high-level wastes with water could also thermodynamically lead to degradation or phase alteration, in the form of coffinite, 59−61 peroxides (studtite, metastudtite), 62−65 metaschoepite, nanoscale complexes/clusters, 66, 67 etc. These reactions at the micro-or mesoscopic scales could widely occur in a geological repository of storing spent fuel and nuclear waste, and a nuclear plant accident, such as Fukushima Daiichi nuclear disaster. 68 Moreover, actinide species can exist in the forms of small clusters or colloids, which can have significant interactions in a Figure 10 . Formation enthalpy of sulfated zirconia from constituent oxides for sulfated zirconia made at 650°C as the sulfur species surface coverage varies. The structural illustrations are monosulfate (left) and polysulfate (right). 35 The Journal of Physical Chemistry C 
